ABSTRACT.--Parrots are known for their capacity to reproduce the sounds of human speech, but few studies have investigated their mechanisms for producing such vocalizations. Using three methods of noninvasive video imaging (Super VHS video, infrared, X-ray radiography), we examined correlations between several elements of a Grey Parrot's (Psittacus erithacus) vocal-tract configuration and the bird's production of two vowels,/i/("eat") and/a/("rock"). This parrot uses mechanisms that both resemble and differ from those used by: (a) humans to produce English speech; and (b) some arian species to produce conspecific vocalizations. This Grey Parrot, for example, uses its vocal apparatus in some but not all of the ways used by humans to produce vowels. Although our Grey Parrot, like some oscines, appears to use beak opening to modify the characteristics of sound, the specific sound-modification properties of beak opening may or may not be similar to those of nonpsittacids. We describe a first-order model that, although simplistic, may aid our understanding of the mechanisms that enable a parrot to reproduce human speech. mechanisms. In some cases, the limiting factor was the small lexicon of the avian subject. Scanlan (1988), for example, was able to obtain cineradiographic data for the production of only four instances of an isolated/a/ from a hybrid Amazon parrot (species not provided) and three instances of the name "Coco" from a Grey Parrot.
mechanisms. In some cases, the limiting factor was the small lexicon of the avian subject. Scanlan (1988), for example, was able to obtain cineradiographic data for the production of only four instances of an isolated/a/ from a hybrid Amazon parrot (species not provided) and three instances of the name "Coco" from a Grey Parrot.
Our purpose, therefore, was to obtain sufficient data in order to determine which physical structures are used and how they are employed in the production of recognizable psittacine speech, specifically vowels. Our goal was feasible because our experimental subject, a Grey Parrot named Alex, uses English speech to identify, comment upon, refuse, categorize, quantify, or request over 100 different objects, and produces vocal labels for colors, shapes, materials, numbers and categories (Pepperberg 1990a • primary bronchi der to develop a preliminary model for the mechanisms of vowel production in this animal.
ANATOMICAL STRUCTURES USED FOR SPEECH PRODUCTION

OVERVIEw
Speech production in psittacids, as in humans, is a complex process involving many structures that must be configured differently for each sound. It is generally accepted that, in the avian vocal system, sound is produced in the syrinx (Greenewalt 1968) . The extent to which suprasyringeal structures (Fig. 1) (Fig. 3 a, b) . As a result, he postulated that these modifications may "facilitate control of the intra-syringeal aperture," perhaps precisely controlling contact between the two opposing lateral tympaniform membranes and tightly coupling movements of the cartilages and the membranes. The acoustic effect of these morphological adaptations could be more periodic sound production and greater frequency control in Grey Parrots than in other psittacine species.
Syrinx as a frequency modulator.--Several researchers have proposed that all or most frequency modulation can be performed by the syrinx, and that the resonant properties of the rest of the avian vocal tract play little or no part in the modification of sound (Greenewalt 1968). Scanlan (1988) , who discussed the roles of several anatomical structures in psittacine speech, noted that one of the syringeal constriction mechanisms in parrots (that involving the lateral tympaniform membranes) functionally resembles that of the human vocal folds in phonation (see also Gaunt and Gaunt 1985); he also, however, discussed the roles of suprasyringeal structures (see below). Interestingly, the degree of the syringeal complexity across avian species is not directly correlated with the complexity of their vocal productions, with some syringeal complexity being necessary but not sufficient for vocal plasticity (Gaunt 1983). For species with relatively simple syringes but complex vocal behavior (like the Grey Parrot), such data imply that other structures must be involved in the modification of syringeal output. Gaunt (1983) and Stein (1968) suggested that vocal plasticity arises in part from neurological adaptations. Although parrots apparently have a complex neurologic system for vocal control (Streidter 1994 Trachea.--The Grey Parrot trachea consists of a series of ossified, complete rings, with minimal intervals between them. These rings can overlap, allowing the trachea to change in length or configuration (Fig. 4) Patterson and Pepperberg (1994) similarly characterized the speech produced by a Grey Parrot, Alex (Fig. 6) . They determined that Alex's vowels can be classified into "front/back," but not "high/low," categories of tongue placement (i.e. F2, but not F], varies significantly across vowels). Although this scheme of categorization is specific to human vocal anatomy, the presence of front/back categories in psittacine speech is nevertheless of predictive value.
If we assume a simple two-chamber model of Alex's speech production, the lower frequency formant (F]) should be due to resonance in the longest chamber, and the higher formant (F2) to resonance in the shortest chamber. It follows that, because F• varies little across Alex's vowels, we would expect F] to be correlated with a long tube that keeps a relatively constant length. Furthermore, because F2 differs significantly among his vowels, we should find F2 correlated with a shorter tube that quickly and substantially can change in length. Vowels classified as being "fronted" would have shorter F2 resonating chambers and, hence, higher F2 frequencies than "back" vowels.
The obvious candidate for F• production is the trachea (from syrinx to larynx) because of its length. The trachea could also be a candidate for Fz production because it is capable of changing its length (and thus modulating its resonant frequency) by decreasing the amount of tracheal ring overlap. However, Fletcher (1988) has suggested that this change in length would be slight and likely not result in the type of frequency shift required to produce the variation seen in 1•2 across vowels.
In contrast, the oro-pharyngeal cavity is ideal We find evidence to support this two-chamber model of psittacine speech production by analyzing, via angular and spatial measurements, vocal-tract configurations during vowel production. We used three methods of noninvasive imaging in an attempt not only to test the two-chamber model, but also to describe a number of factors contributing to psittacine vowel production. Our goal was to determine the role, if any, of suprasyringeal structures in vowel production, as well as to correlate anatomical data with data on acoustic output.
METHODS
Subject and vowel samples.--Our subject was a 16-year-old Grey Parrot named Alex, who can produce all the vowels of English speech (Patterson and Pepperberg 1994). For this investigation, we queried him about various items and attributes that he was capable of labeling (Pepperberg 1990a ) with the intent of eliciting a wide range of sounds in his acoustic repertoire.
The vowels we analyzed in detail were /i/ (as in eat) and/a/ (as in rock), generally in the context of a word but occasionally in isolation. Our notation is that of the International Phonetic Alphabet (IPA), which is the standard system used by phoneticians and linguists to represent human speech (Pullurn and Ladusaw 1986). We chose /i/ and /a/ because they are "point vowels" (i.e. vowels that, in humans, are most different from one another in terms of both acoustic characteristics and tongue placement; Borden and Harris 1984). We successfully obtained six samples of each vowel sound (two for each word or isolated instance) with the bird in a lateral position.
Words or isolated instances that we elicited containing the vowel/i/were: "green," "ee," and "eat". For the vowel/a/, words we elicited were: "rock," "want,"
and "pasta". Alex closely imitates the New York/Boston dialect of his principal trainer, I.M.P., for whom the vowels in "rock," "want," and "pasta" are essentially equivalent. Interobserver reliability between Imaging techniques.--We used three noninvasive video-imaging techniques: SVHS video, infrared video, and X-ray radiography. The SVHS and infrared data provided qualitative information and a context for the more detailed analysis performed on the radiographic data. For all three imaging methods, we attempted to keep our psittacine subject in a position lateral to the camera.
To observe the external movements associated with speech production, we filmed Alex with a Panasonic SVHS AG-450 camera and Maxell XR-S120 SVHS tape at a rate of 30 frames/s. Although this type of video provided an external context for the internal movements observed in the X-ray video, lighting difficulties did not allow clear views of the tongue.
In an attempt to determine tongue position during speech production, we videotaped Alex in the Department of Optical Sciences at the University of Arizona with an infrared camera (ImagIR, Santa Barbara Focalplane, Goleta, California) at a rate of 30 frames/ s. The imaging system has a sensitivity better than 0.1øC. In this format, his warm tongue was easily visible when not obstructed by his beak.
In order to see and eventually quantify the movement of internal structures during speech production, we X-ray videotaped When assigning acoustic characteristics to a vocaltract configuration, we identified which sounds were produced (and in which order) in the series of vocal movements. As is standard for studies in humans (e.g. Subtelny et al. 1989), we assumed that a directional change in movement of the vocal structures was correlated with production of the target sound. We then extracted frames containing vowel configurations for further enhancement and analysis.
Digital image processing enabled us to enhance specific anatomical structures. The radiopacity of such structures, which are buried in layers of hard and soft tissue, varies depending on their position in the bird. Consequently, such structures cannot be easily examined on the unprocessed images. We employed different operations, such as sharpening and smoothing, histogram equalization, density slicing, contrast manipulation, image magnification, and image subtraction to enhance each area of interest. For example, sharpening the image generally enhanced the portion of the trachea caudal to the larynx and occupying the jugulum in the neck rostral to the interscapular region, but obscured that portion just caudal to the larynx. Density slicing, however, was useful for visualizing the portion of the trachea obscured by sharpening.
Analysis.--Based on the procedures described by
Subtelny et al. (1989)
, we identified visible structures in the X-ray video (e.g. vertebral column, trachea, mandibles) and placed six small dots onto predetermined landmarks on these structures (e.g. axis of vertebral column, hyobranchial junction, procricoid of larynx, craniofacial joint [hinge on upper mandible], and both bill tips; see black dots on Fig. 7) . The axis of the vertebral column had the advantage of being the only point dorsal to the trachea that could be identified consistently. The hyobranchial junction is where the hyoid bone of the tongue intersects with the larynx. The hyobranchial junction and the procricoid cartilage, which can be seen on the X-ray, are located respectively on the ventral and dorsal surfaces of the larynx. The visibility of the procricoid and hyobranchial junction and their placement directly opposite one another make these structures important markers. The points on the mandibles were of critical importance for obtaining measurements of head tilt and beak gape.
Having tagged the key structures, we could then place reference lines to enable us to measure the image (Fig. 8) . We created a horizontal reference line parallel to the flattest and most cranial portion of the skull. We then created two vertical reference lines perpendicular to the first, with one intersecting the hinge on the upper mandible and the other the vertebral axis. Next, we took a series of angular (Fig. 8a,  b) and spatial (Fig. 8c) Although the respiratory system, syrinx, trachea, larynx, glottis, nasal cavity, and mandibles all play some role, direct or indirect, in psittacine speech production, the nature of the imaging techniques we used allowed only for direct measurement of the position of the mandibles, hyobranchial junction, and procricoid of the larynx. no landmarks caudal to the larynx could be tracked consistently. The position of the tongue can be inferred from the known position of the hyobranchial junction, but the tongue could rarely be viewed during vowel production, even in the infrared video. Figure 9 shows the articulatory configurations associated with /a/ and /i/. In the SVHS image (Fig. 9a) , note the differences in beak gape and the protracted area below the lower mandible. The infrared images (Fig. 9b) show no evidence of the tongue in a high front position relative to the beak. Were the tongue in such a position, it would be visible as a light shade of grey in infrared. In the X-ray images (Fig. 9c) , the trachea, the hyobranchial junction (where the hyoid bone of the tongue intersects with the larynx), and the procricoid cartilage of the larynx are highlighted.
RESULTS
Articulatory configurations.--
The vertebral column, beak, and skull also are evident.
Of particular interest are the differences in tracheal configuration during production of /a/and /i/ (Fig. 9) . Although we were unable to extract exact measurements for tracheal length and protraction, the images suggest that, despite the obvious protraction for/a/, there was little change in length. Note that the trachea (Table 1) .
We used a correlation matrix to examine the relationships among the various physical measurements, A-K ( Fig. 8 ; see Moore 1992). We found, for example, the expected close correlations (r > 0.75) between physically related measurements ( Table 2 ). Other correlations were significant, but not as robust (r < 0.75). Moreover, physical measurements could be divided into two groups based on correlational evidence. In group 1, the angle of the lower mandible to the horizontal and the angle of beak gape were dosely correlated (r = 0.88, P < 0.001), • Designation front and back refer to tongue-placement charts used for humans (see Fig. 6 ).
sected specimen of Psittacus erithacus erithacus; Patterson unpubl. data) to determine whether the trends predicted from the X-ray data were consistent with a two-chamber model. Using the formula, X = 34,400/4 F,,
where X is the length of a uniform tube in cm and F, is the nth formant frequency in hertz (Hz), we calculate the required cavity length for the production of a measured formant frequency. The results are presented in Table 3 .
DISCUSSION
Our results provide considerable information about a Grey Parrot's vocal tract and the mechanisms this parrot uses to produce certain vowels. We discuss our findings with respect to: (1) comparisons between mechanisms for human and Grey Parrot vowel production; (2) possible correlations among the statistically significant measurements we obtained from our X-ray data; (3) the extent to which vowels and their context are related to motions in the vocal tract; (4) a two-chamber model for production in a parrot that is comparable to those proposed for humans; and (5) other possible models for vowel production.
Mechanisms for vocal production in humans and a Grey Parrot.--Our investigation reveals some of the mechanisms used by a Grey Parrot to produce the human vowels /a/ and /i/. These mechanisms can be distinctly different from those used by humans. Several striking similarities, however, exist between human and avian vowel production. We also find at least one circumstance which would require coupling of the two chambers. Other models.--Other models for speech production also may be consistent with our data. Models for human speech production, for example, take into account more extensive details of tongue movement (e.g. 
